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INTRODUCTION

Theurgentrequirementthatmilitsxyaircrattflyeverfartherand
higherhasledto an intensivesearchforfuelsofhigherenergyasa
meansforextendingperformance.Thusfar,onlycasualattentionhas
beengiventothepossibilitiesof Iiquidhydrogenasa fuelforconven-
tionalair-breathingenginesdespitethefactthatitistheelementwith
thehighestheatingvalue(fig.1),andhasgoodcombustioncharacteris-
ticsoverwiderangesoffuel-airmixtmreratio.

A deterrentto earlyandeasyuseofliquidhydrogenasfuelhas
stemmedlargelyfromitshighsyecificvolume(CUft/l_b),whichisabout
tentimesthatoftheconventionalhydrocarbons.Problemsof supplyand
handlingalsodiscourageinterestina newfuelunlessitis shownthat
miMtaryreq~ementscanbe metinno ot”herway. Reference1 pointed
outthedesirabilityofresearcheffortonproblemsof aircraftstruc-
ture,andfueltankagesndhandlingin sufficientdetailto determine
whethera significantpartofthethermodyns&cpromiseofhydrogen
canbe realizedinactualflight.Bothcurrentmilitsryconsiderations
andmajoradvancesintheaeronautical.fieldhavenowintensifiedthis
interestinliquidhydrogenas an aircraftfuel.

Recentresesrchonturbineandram-jetenginesandconcurrentre-
searchinaerodynamicshaveprovidedinformationforthedesignofmil-
itsryenginesandaircraftthatwillflyfsxhigherthanourpresentmil-
itaryaircrsttcan. Thesetechnologicalgainsemphasizetheneedfor
soundre-evaluationof liquidhydrogenasa fuel,sinceit is atthehigh
altitudesthatitsadvantagesaremostapparent.It isnowexpectedthat
gas-turbine-enginespecificweight(lbof engineweight/lbofthrust)may
becomelessthanone-halfthevalueforenginesin currentmilitsryuse.
Unconventionaljet-engineconfigurationssuchaatheducted-rocket,ducted-
fan,andram-jetenginesmayhaveevenLowerspecificweight.Specific
engineweight,basedon altitudeengineperformance,istheprimsryveri-
ablethatnowestablishestheceilingof aircrsft.Withlighterengines,
flightathigheraltitudeswithinthenetifewyearsmaybe confidently
predicted.

Aircraftthatflyathigheraltitudeswillhavelargewingstopro-
videliftintherarefiedupperatmosphere.At 80,000feetaltitude,air
densityisaboutone-fourththatat50,000feetaltitude.An airplsme
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designedtoflyat 80,000feetmayrequire.a wingareafourtimesas great
asthatof a similarairplaneofequalweightdesignedtoflyat50,000
feetaltitude.Iftheaircraftaredimensionallysimilar,sothatair-
craftefficiency(lift/drag)isaboutthesameforbothdesigns,thevol-
umeofthefuselageforthe80,000-feet-al.titudeairplanecouldbe about
eighttimesthatofthe50,000-feet-design-altitudeairplane.

Itisapparent,therefore,thatasaircraftfltghtaltitudeis in-
creased,aircraftofaboutequalaerodynamicefficiencywillhavemuch
largerfuel-storagevolumeavailableinthefuselageandwings.This
increaseinrelativeaircraftstoragevolumewithoutsacrificeinaero-
dynamicefficiencyprovidesthekeytothesuccessfulexploitationofthe
highheatingvalueperpoundofthelow-densityliquidhydrogen.

Thispaperwillreviewsomeoftheanalytical.and.e~erimentalst~d-
iesoftheuseofliquidhydrogenasa jet-enginefuelthathavebeen
conductedattheLewisFlightPropulsionLaboratory,andshowthepossi-
bleextensionofaircraftperformancethatwillfollowadequateresearch
anddevelopmenteffortontheproblemsofitsuse.

Assumptionsmadeinanalyticalstudiesofthiskindregardingper-
formanceandweightof componentsandthecompleteaircraftinvestigated
arealwaystobe questionedpriortothemanufactureof anaircraftthat
accomplishesthemissionintended.Thisfactneithervitiatestheanaly-
sisnorreducestheneedforit. No othercourseisopenbuttouse
assumptionsconsistentwiththestateoftheartandtheprogressantici-
pated.Itisfortunatethatinthepresentanalysismanyofthegains
possiblearelargeenoughsothatgrosserrorsinassumptionsare
tolerable.

FUELCHARACTERISTICS

Thephysicalpropertiesofliquidhydrogenthathavebeenusedin
thepresentanalysisaresummerizedintableI andinfigures2 and3.
Theheatingvalueofthefuelis51,571Btuperpound,whichisabout
2.75timestheheatingvalueoftheaveragehydrocarbonfuel(JT-4)in
currentmilitaryuse.

Thermodynamiccalculationsshowthatthethrustspecificfuelcon-
sumptionoflikeenginesburning,hydrogenandhydrocarbonfuelat about
2000°R willbe aboutintheratiooftheheatingvaluesoftheirfuels.
Thatis,thethrustspecificfuelconsumption((lbfuel/hr)/lbthrust)
ofthehydrogen-fueledenginewillbe about1/2.75or0.363timesthat
oftheengineburningan averageJP-4fuel.At cycletemperaturesof
3500°R, as areusedinafterburningengines,theratioofhydrogento
JP-4specificfuelconsumptionmayincreaseto about0.375.Theassump-
tionwasmadeinthecalculationsthatcombustionefficiencywasthesame
forbothfuels.Actually,aswillbeshownlater,underwginal burning
conditionsinhigh-altitudeflightthecombustionefficiencyofthehydro-
genfuelwillbe greater.
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Thecyclecalculationsalsoshowthatthethrustperpoundof air
maybe 3 to 5 percenthigherwithhydrogenasa fuelthanisobtained
wtthJ%’-4fuelwhenthemaximumcycletemperatureisthesameforboth.
Thisincreaseinairspectiicthrustoccursbecausethewatervaporin
theexhaustofthehydrogen-fueledengineisoflowermolecularweight
(m= 18)thanthecarbondioxideexhaustofthehydrocarbon-fueleden-
gine(m= 44).

Witha densityof4.42poundspercubicfootat 1 atmosphereand
37°R, liquidhydrogenhasa heatingvalueof 228,600Btupercubicfoot,
whichis aboutone-fourthofthevalueforJT-4fuel. Fuelstorageis
obviouslya problemwiththehydrogenfuelwhenairplanevolumeis
limited.

Thelowtemperatureofliquidhytiogen-andthehighvalueof spe-
cificheatofhydrogenvapor(3.40Btu/(lb)(°F))arepropertiesofpar-
ticularinterest.Insupersonicflight,whencoolingofthecrewand
equipmentcompartmentsbecomesnecessaryandcoolingoftheenginetur-
binebecomesdesirable,liqtidhylrogenwouldbeavailableas a refriger-
antbeforeinjectionintotheengine.An enthalyychangeof about1600
Btuperpoundoccursbetweenliquidhydrogenat 37°R andhydrogenvapor
atroomtemperature(fig.3). If,as ina sampleflightata Machnum-
berof 2,fuelZsburnedata rateofabout15,000poundsperhour,the
totalrefrigerationcapacityisabout24millionBtuperhourorthe
equivalentofabout2000tonsofrefrigeration.A compressordriveof
about2500horsepowerwouldbe requiredina conventionalrefrigeration
planttoprovidethistonnage.Theavailabilityofthehytiogenasa
refrigerantbeforeit isburnedintheenginetillprovideextremesim-
plificationoftheCOOling systemsrequtiedforaircraftandenginesde-
signedforsupersonicflight.

Offurtherinterestarethecombustioncharacteristicsofthefuel
relativetothoseofJT-4or similarhydrocarbons.Thecombustionlimits
andefficiencyareseriouslyreducedinturbojetenginesoperatingwith
JP-4fuelataltitudesof70,000and80,(XX)feetat speedsforwhichmax-
im rangecanbe attained.In ordertoprotidepressuresintheengine
combustionchamberhighenoughto sustainefficientconibustionatthese
altitudesandspeeds,heavyhigh-pressure-ratioenginesarerequired.
Aswillbe shownlater,engineweightisthesinglemostimportantvari-
abledeterminingthehei@t towhichanairplanecanfl.yjifheavyen-
ginessxerequiredtoobtaingoodcombustionefficiency,thealtitude
performanceiscurtaileddrastically.In supersonicflightatMach2
and80,000feetaltitude,thepressuresinafterburnersdropto about
1/2atmosphere fortheseconditions,theefficiencyof goodJP-4-fueled
afterburnersisgenerallyabout85percent.Intheducted-fanengineat
subsonicsadtransonicspeeds,at altitudesmuchabove.50,000feet,
pressuresandtemperaturesintheductpassagesxelowandintherange
of valuesforwhichefficientcombustionhasnotyetbeenattained



4 NACARME55C28a

withconventionalhydrocarbonfuels.Althoughappliedcombustiondata
forhydrogenareasyetscant,thereareexcellentreasonstobelieve
thatthecombustioncharacteristicsofhydrogenwillgreatlyexcelthose
ofZP-4fuelinthelow-pressureconditionsofhigh-altitudeflight.

Curvesshowingtheminimumpressureforwhichcombustioncanbe sus-
tainedina standard2-inch-diametercouibustiontubeareshowninfigure
4. Thesecurveswereestimatedfromexperimentaldataobtainedatthe
Lewislaboratoryundersimilartestconditions.Theminimumcombustion
pressuresareplottedagainstequivalenceratio,whichisunityfora
stoichiometricmixtureoffuelandair. Minimumpressureforcotiustion
at stoichiometricmixtureratiois8 millimetersofmercuryforhydrogen
as compsredwith32millimetersofmercuryforJP-4fuelmeasuredunder
thessmetestconditions.Justassignificantasthelowpressureat
whichcombustionissupported,istheextremelywidersmgeofmixture
ratiosforwhichthecombustionis sustained.

Measurementsof laminarflamevelocityforhydrog~andforhydro-
carbonfuels(fig.5) arealsoof interest.Theselaminarflsmevelocit-
ies wereobtainedinBunsenburnerandflsme-tubeexperiments(ref.2).
Resultsshowthatthelaminarflamevelocityofhydrogenisabout7.6
timesthatofJT-4fuel. Thesedatasupportexpectationsthatboththe
combustionlimitsandcombustionefficienciesofhydrogenwillbe great”~
superiortothoseofJP-4atmarginalaltitudeburningconditions.

Of evengreatersignificanceareresultsobtainedinrecenttests
attheLewislaboratoryona J33turbojet-enginecotiustor(ref.3).
Testsinthiscombustorweremadeusinghydrogenvaporas a fuel.The
combustorwasmodifiedonlyby adaptingthe@cl-injectornozzlesfor
theuseofa gaseousfuel. Investigationswereconductedovera range
ofpressuresinthecombustordownto almost1/10atmosphere.Despite
thefactthatthecombustorlinerandfuel-injectorsystemwerenotprop-
erlyadaptedtothecharacteristicsofthelow-densityvaporfuel,excel-
lentcombustionefficienciesweremeasuredoverwiderangesof combustor
pressureandvelocity.No combustioninstabilityorflameblow-outswere
observedovertheentirerangeof fuelandairflowsinvestigated.

Forcomparison,a gaseoushydrocarbonfuel,propane,wasburnedin
thesameconibustoroverlimitedrangesoftemperaturerise.At thelow-
pressuretestconditions,conibustionefficiencieswerelowandweread-
verselyaffectedby increasesin couibustorvelocitiesanddecreasesin
conibustor-inletpressure.Sincethecombustioncharacteristicsofgaseous
propanearesuperiortothoseofliquid~-4, a compwisonofhydrogento
JP-4fuelwouldrevealan evengreateradvantageforhydrogen.

Fromtheresultsofreference3,thecurveoffigure6 hasbeencon-
structed.Combustorefficienciesareshownfora rangeofflightalti-
tudesforanenginewitha compressorpressureratioof 5 installedin
anairmlaneflvinaata Machnumberof0.75.A combustioneffi.ciencvof
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about94percentis shownforanaltitudeof 80,000feet. Sincethese
datawereobtainedina combustordesignedforliquidhydrocarbonfuel,

8 and.sinceitisknownthatthemixtureratiointheregionofthefuel
injectorwastoorichformostefficientburning,it is expectedthat
efficienciesapproaching100percentcanbe realizedin combustorsde-
signedforhydrogenfuelandoperatedattheseflightconditions.

~owledgeregardingthemanufacturing,storage,andhandlingof
liquidhydrogenhasbeenadvancedinrecentyearsby effortsofthe$ AtomicEnergyCommissionandthemilitsryservices.Liquidhydrogenism chemicallystable.Afterconvertingfromtheorthoto theparastruc-
ture,itmaybe storedforlongperiodsoftimein appropriatestorage
vessels.Thisconversionevolves22oBtuperpoundconverted.Normally,
gaseoushydrogenis75percentorthoand25percentParaj at itsboiling
pointit is substantiallyallintheparaformwhenitis in equil3b-
rim. No largefacilitiesforproductionofhydrogennowexist.Its
costin limitedquantitiesis aboutthesameasthatofotherchemical
productspurchasedin smallquantities.

Difficultiesinhandlingof thefuelwillhe aggravatedbecsuseof
b itsexcellentcombustioncharacteristics.Safehandlingtechniqueshave

beendevelopedsmongsmallgroupsnowworkingwithliquidhydrogen.

FUEI.9SYSTEMSANDTANKS

Thepropertiesofliquidhydrogenprovidethepossibilityforthe
designofanaircraftfuelsystemwithoutfuelpumps.Pressureto pump
thefuelmaybe providedby tankpressure.Forcruisingflightata Mach
nuniberof 0.75at 80,000feetaltitude,pressureintheconibustionchauiber
ofa turbojetenginedesignedtoburnhydrogenis likelytobe about0.3
atmosphere.Allowingforpressurelossesinfuellinesandregulators,
whichwouldbesmallbecauseofthelowdensityandviscosityoftheliq-
uidfuel,a pressureoffrom1 to 1.5atmospheres(15to 22lb/sqin.)in
thetankshouldbe smpletopumpthefueltotheenginecotiustion
chambers.

At a flightMachnumberof 2 at 80,000feetaltitude,pressurein
theprimaryconibustionchamberoftheturbo~etenginewil.lbeabout0.8
atmosphere.Thisvalueisbasedon anenginewitha sea-levelstatic
compressorpressureratioof 6.25,whichcalculationshowstobe a good
compromisedesignvalueforthisMachrnmiber.A tankdesignedforan

4 internalpressureofabout2 atmosphereswillprotidemorethanadequate
~pi~ press~eforthe~ising fli@t condition.

Auxiliarytanksof smallersizewithhigherinternalpressuresare. requiredfortake-off,clinibto altitude,and.let-down;however,calcu-
lationsindicatethatforlong-rangemissionsonlyabout10percentof
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thefuelmustbe carriedinthehigh-pressuretanks.Thetankpressure
requirementswilldifferforeachengine-al.rcraftconfiguration>~d a
separatestudywillbe requiredforeachdesign.

It iscontemplatedina liquid-hydrogen,self-pumpingfuelsystem
thatmostofthefuelwillbe deliveredto thevicinityoftheengineas
a liquid,andwillbe carriedin vacuum-insulatedfuellinessuchasare
conventionalforhandlingofthefuel. So@ fuelwillvaporizeinthe
tankata ratedeterminedby theheatflowintothetankthroughthetank
insulation.Thisvaporizedfuelwillalso.bepumpedto theengineCO@US-
tionchamberby thetankpressureandlnxrneawiththeremainderofthe
fuelintheengine.It isexpectedinanyeventthatthefueldelivered
asa liquidwillbe heatedandvaporizedbe~oreinjectionintotheengine
combustionchamberinordertoprovidethetiorementionedcooling.

Liquidhydrogenmaybe storedatpressuresnearoneatmospherein
liquidnitrogencooledDewarvesselswitha lossfromeyaporatio_nof
about1 percentperday. It”maybe storedindefinitelywithno evapora-
tivelossinDewarvesselsequippedwithmechanicalrefrigeration.Air-
crafttanksmustnecessarilybe lighterinweightthanthestandardhy-
drogenDewarvesselsandnewideasforaircrafttankdesignarerequired.

Studiesofthetankproblemhaverevealedinterestingpossibilities
fortheconstructionoflight-weightinsulatedtanksthatutilizesomeof
thetechnolo~developedfortheconstructionoffueltanksforlong-range
rocketmissiles.It is suggestedthatliquid-hydrogentanksmaybe con-
structedasa cylindricalballoonoflight-gagemetal,thatdependson
internalpressuretomaintainitsshape.Thehydrogenwillbe in direct
contactwiththemetaltankwalls,sothatthewalltemperaturewill
thenbe aboutthesameasthetemperatureofthehydrogen.Inthis
W> advantageCm be takenofthefavorableincreaseinthephysical
propertiesofthemetalatthelowstoragetemperatureof liquidhydrogen
(40°R). Yieldstrengthofaluminumandof somesteelsisincreased40
to 70percentabovetheroomtemperaturevalueby reducingthetempera-
tureto 40°R (fig.7). Ductility,asmeasuredin elongationtests,also
remainsadequateforaluminumandthenickelsteelsatthelowertempera-
tures(fig.8). Figures7 and8 wereobtainedfromreference4.

Calculationsshowthatabout25,000poundsofliquidhydrogenmaybe
containedina cylindricaltankabout10 feetindiameterand81.feet
long,if10percentvolumeisallowedforfuelexpansion.inthetank(fig.
9). Sucha tankhasa volumeof 6153cubicfeet,anda surfaceareaof
2564squarefeet. Ifstainlesssteelisusedforthetankandmethodsof
weldedtankconst?mctionthathavebeendevelopedforlargerockettanks
areapplied,it ig calculatedthata tankofthissize.,weighingabout
2600pounds,willresistaninternalpressur~of4atmospheres(60lb/sq
in.]beforeyielding.Ifthepressureinthetankislimitedto 2 atmos-
pheresbyblow-offvalves,thedesignfactorof safetyis 2 basedonthe
yieldstrengthofhardtype301stainlesssteel(notshown)atabout40°R.
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Studiesoftank-insulatingmateri~showedthata foamplasticwith
a weightof 1.3poundspercubicfootcombinessatisfactorycharacteristicsu oflowthermalconductivity~goodstructuralproperties,andeffectiveness
as a vaporbarrier.Foamplastics,availablecommerciallyin sizesappro-
priateforconstruction,arerelativelyinexpensive.Calculationsshow
thata 2.4-inchlayerofthisinsulationwillprovideadequateprotection
forthetankwhenit ishousedinthefuselageorwingstructurewithonly
nominalventilatingflowsoverthetankinsulationsurface.Ifthetank
isprecooledwithrefrigerated.heliumgasbeforeinitis3filling,calcu-

2 lationsindicatethatthetankmaybe filledover2 hoursbeforea sched-Nm uledflightandnotrequiretoppingoffbeforetheflight.Ifthetank
isnotprecooled,2 to 3 percentoftheliquidhydrogenwillbe evaporated
to coolthetamkandinsulation.Thus,fuelmaybe addedintheexpansion
volumeofthetankandthetankventleftopentotheatmospherebefore
beginningtheflightsoasto avoidthenecessityfortoppingthetank.

In subsoniclong-rangeflightathighaltitude,fuelwillvaporize
ata ratelessthanone-thirdtherateatwhichfuelisbeingusedby the
engines.In supersonicflight,whenhigherfuel-flowratesto theengine

k areused,thevaporizationrateinthetankwillbe a muchsmallerper-
centageofthefuelrateto theengines.Ineithercase,asmentioned
previously,thefuelvaporwillbe ductedtotheengineandburned.

4 Thefoaminsulationforthetankisestimatedtoweighabout700
pounds,anda layerof aluminumfoilforradiationshieldingwillweigh
an additional64pounds.Theweightofthestainless-steeltankshell,
2600pounds,andtheinsulationweight,764pounds,addto a tankweight
of 3364poundsto store25,000poundsofliquidhydrogen.Thus,the
estimetedtankweightis0.134oftheweightofthehydrogencontained.

Inthesubsequentanalysis,a slightlyhighervalueoftankweight
of0.15timesthefuelweighthasbeenusedinorderto includethe
heavierspecificweightofthesmallhigh-pressuretanksusedinthe
take-off,climb,andlet-down.

ENGINESANDMRC!RAJ?T

Extendedflightat altitudesof70,0Q0and80,000feetandabove,
usingair-breathingengines,requiresdevelopmentof aircraftengines
andairframesespeciallycompromisedforthealtitudemission.The
weightingoftheelementsintheusualdesigncompromiseschangewith

<“ designaltitude,andperformancefactorsthatareoffirst-orderimpor-
tanceforattaininglong-rangeflightat50,000feetaltitudemayneed
tobe ratedof secondaryimportancefora similarmissiontobe accom-

-. plishedat 80,~ feetaltitude.Theweightingofthedesigncompromises
isalsovitallydependewtontheheatingvalueofthefuelusedandis
-differentforhydrogenandforhydrocarbonfuels.
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Thisshiftwithaltitudeintherelativecompromisevalueofthe
variousdesignvariablesoftheaircraft,suchas engineweight,struc-
turalweight,aerodynamicefficiency,andspecificfuelconsumption,
occursbecausespecificweightofair-breathingenginesincreaseswith
altitude.Sincethethrustoftheseenginesdecreasesapproximatelyas
airdensitydecreases,a logarithmicincreasein specificengineweight
(lbofengineweight/lbofactualthmst)occursasaltitudeisincreased,
ifflightspeedisunchanged.

If specificengineweightatsea-levelstaticconditionisusedas
a reference,therelativechangein specificengineweightwithaltitude
dependsonflightspeed.Valuesfora flightspeedofMach0.75are
giveninfigure10,whichshowsthatthespecificweightincreases25
foldfromsea-levelstaticconditionstoflightat 80,000feetaltitude.
At a flightspeedofMach2.5and80,000feetaltitude,thechangein
specificweightreferencedto sea-levelstaticspecificweightisnotas
largeas atMach0.75becauseoftheincreaseinenginethrustathigh
flightspeedsduetoramcompression.Forthisflightcondition,the
specificengine.weightincreasesfora representativecaseto tentimes
thesea-levelvalue.Itisobviousfromtheseconsiderationswhyengine
weightis sucha powerfulanddeterminingvariableinaircraft.designed
forhigh-altitudeflight.

Sincethrustisobtainedat sucha heavypenaltyinweightathigh
altitude,extremeattentionmustbe givento designingan efficientaero-
dynamicconfigurationsoasto reduceto a minimumthethrustrequire-
ment. Thecompromisehereisinthedirectionofacceptingheavier
structuralweightassociatedwithhighwitiaspectratiosandthinwi&
sectionsinorderto increaseto a maximumthelift-dragratiofor
cruising.

In contrastto enginesdesignedforlong-rangecruisingat alti-
tudesof40,000and50,000feet,inwhichenginespecificfuelconsump-
tionisthemostimportantcompromisevariable,increasesinengine
specificfuelconsumptionmaybe acceptedwithlesspenaltyforflight
at 80,000feetaltitudeiflighterweightenginesresult.Calculations
indicatethatengineswith.sea-levelcompressorpressureratiosof atiout
6,althoughlessefficient,willprovidea subeoniccruiseradiuscom-
parableto thatwiththemoreefficientbutheavierhigh-pressure-ratio
engines.Thesameenginemaythenserveeffectivelyforbothsubsonic
andsupersonicapplications.

Benefitsofthetrendtowardlighterb_utlessefficientenginesare
accentuatedwhenhydrogenisusedasa fuel. Becauseof itshighheating
valueperpouud,a lessefficientenginecyclemaybe acceptedevenmore
readilythanforthehydrocarbonfuel,ifadequatesavinginengineweight
results.If everypoundofweightsavedintheaircraftby theuseof
lighterenginescanbe replacedby a poundoffueltheneachpoundof
hydrogenaddedinthiswaywouldie overtwiceaseffectiveine@en&g
rangeasa poundofhydrocarbonfuel.

mmar-to
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A furthercompromisethatmustbe acceptedinhigh-sltitudeaircraft
usinghydrogenforfuelisa highfuselagestructuralweightto accommo-
datethelargevolumeoffueltobe carried.

Becauseofthelargeenginethrustsavailableat sea-levelandthe
lowwingloadingsofaircraftdesignedforhighaltitude,take-off,cliuib,
acceleration,andlandingpresentnoproblems.An exception,of course,
isthetake-offandlandingproblemsofram-jetaircraft.Take-offand
climbofsupersonicturbojetaircraftwillnormallybe accomplishedwith
part-throttleengineoperation.High-altitude,design-pointenginechar-
acteristicsneednotthereforebe compromisedfortake-offperformance.
Thisconceptisparticularlysignificantinthecaseof turbojetengines
designedforMachgumbersof 2 andabove.Properlyapplied,itleadsto
reductionintheweightoftheenginesdesignedwhollyforsupersonic
flight.

Thesegeneralobservationsoftherelativeimportanceofaircraft
designvsriablesforhigh-altitudeflightwererevealedby a detailed
analysisof numerousaircraftconfigurationsinwhichtheimportantde-
signparameterswerevsxied.systematical.ly.Intuitionandmoregeneral
analysis(ref.5)providebroadlythesameresults.Themoreextensive
analysesofthispaperare”useful,however,inprovidinginformationon
howthegeneralprinciplesadaptthemselvesintoactualengineandair-
craftconfigurations.A fewoftheresultsoftheamalysisarepresented
to showengineandaircrafttypesandtheirperformanceforseveralhigh-
al.titudeflightmissionswithliquidhydrogenusedasthefuel.

Comparisonsaremadein someofthecaseswithconfigurationssuit-
ablydesignedforusingJT-4fuel.Forthesecalculations,thesamebasic
assumptionsof engineweight,structuralweight,aerodynamicefficiency}
etc.weremadeas inthecalculationsforthehydrogenfuel. Thetank
weightandvolumerequirementsoftheairplanewere,of course,different.
TheJT-4fuelwascreditedwiththesamevalueof combustionefficiency
asthehydrogenfuelalthoughit isexpectedthatthevalueswillbe
lower.

Theaircraftandenginesshownareconsideredtobe nomorethan
schematicrepresentationsofhowaircraftandenginesmaylookwhenthe
newweightingofthecompromisesintroducedby high-altitudeflightand
a newfuelareappliedindesign.Theintentistopresentgrossresults
andnotdetaileddesigns.Themissionsselectedforthestudywerethe
following:

Subsonicboniber
Subsonicreconnaissance
Supersonicbomber
Supersonicreconnaissance
Supersonicfighter
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TheresultsoftheanalysisaresummarizedintablesII,111,IV,
andV inwhichthemajorassumptionsandcalculatedcharacteristicsand
performancesoftheengineandaircraftare.given.Briefdiscussionsof
theengineandaircraft
sequentsectionsofthe

configurationsthat-evolvedaregiveninthesub-
paper.

SubsonicBomber

The-problemestablishedforthesubsonicbomberwasto determine
theweightandgeneralconfigurationofanaircraftusingliquidhydro-
genasa fuelthatwouldcarrya 10,000-poundbomband5000poundsof
fixedegyipmenttoa targetat a radius5500-nauticalmilesandarrive
overthetargetat80,000feetaltitude.

Theflightp~n forthebomberis shownInfigure11. Theclimbto
altitudeismadeata constantindicatedairsyeedof105knots,with
initialrateof climbof60U0feetperminute.Maintaininglowflight
speedsat lowaltitudesreducedthestructuralloadsontheairplane.‘-’
Fuelconsumptionforclimbmaybe reduced,however,iftheclimbismade
athigherindicatedairspeeds.

Thebombercfiisestowithin1000milesofthetargetata Machnum-
berof0.75andan-altitudeofabout70,000”feetthenclimbsto 80,000
feet.A schematicdrawingofthebomberto.accomplishthistissionis
showninfigure12. Itssea-leveltake-offWeightis130,000pounds,
anditispoweredby fourturbojetengineshavinga sea-levelstatic
thrustratingofabout25,000pounds.

Theunconventionalappearanceofthea@planeresultsfromthehigh
aspectratio(13)ofthe31°sweptwing. Therelativewingweightis
high,butthegainsinaerodynamicefficiencyresultingfromthehi& ““
aspectratiomorethancompensateforthehighwingweight.Detailsre-
gardingtheairplanedimensionsandcharacteristicsaregivenintable
11.

.

A possiblearrangementofthehydrogentanksintheairplaneis
showninfigure13. Fuelis storedinboththefuselageandwings.
Droptanksareeffectiveforextendingtheradiusoftheairplanebeyond
5500nauticalmiles.Alternatively,theymaybeusedinplaceofthe
smallinternalwingtanksto accomplishthe5500nauticalmileradius,
witha considerablesimplificationintheaircraftfuelsystem.

Aero~amic.investigationsofhigh-aspect-ratio,swept-wingconfig-
urationshavebeenconductedattheNACAAmesAeronauticalLaboratory
(ref.6)atReynoldsnumberscomparabletothoseencounteredinhigh-
altitudeflight.Theseresultsandothersservedasa guidein estab-
lishingvaluesforaerodynamicefficiency(L/D)andfordeterminingthe

.
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natureof controlandstabilityproblems.Thelift-hagvaluesusedin
thestudydidnotaccountforthepossibilitiesofutilizingboundary-
layercontroltomaintain.laminarflowovertheairplanesurfaces.Tech-
niquesforcontroloftheboundarylayerwillprobablybe firstapplied
inserviceforflightatlowReynoldsn~berjthehigh-altitudeaircraft
ofthe”presentstudyofferopportunityforitsapplication.

Theturbojetengineschosenforthemission(engineA intableIV)
havea specificweightof0.2poundperpoundofthrustinsea-level
staticoperation,anda maximumturbine-inlettemperatureof 2000°R.
Theengineweightisaboutone-halftheweightoftheenginescurrently
installedinexistinglower-altitudebombers.Advanceddevelopmenten-
ginescurrentlyundercontractby themilitaryserviceshavebrochure
weightscomparabletothevaluesassumedforthisstudy.Theselmochure
enginesaredesignedforsupersonicflightmissionsandcouldpossibly
be madeevenlighterforthencminalrequirementsofthepresentmission.
Ifenginesof currentspecificweight,about0.4poundperpoundof
thrust,wereassumedinthebombercalculationsforan 80,000feettarget
altitude,theflightradiuswouldbereducedto about40percentofthat
possiblewitha specificengineweightof0.2poundperpoundofthrust.

Theenginesforsubsonicflightat80,000feetshouldbedesigned
withconsiderationofthelowReynoldsnuniberoftheflowatthecompres-
sorinlet.Seriousreductionsincompressorefficiencyandenginestall
marginswouldresultif short-chord,low-speedccmrpressorbladingwere
usedontheinitialcompressorstages.Wide-chordtransonicbladingwill
probablybe a ltmustlfontheinitialcompressorstagesoftheseengines.
Theheaviercompressorweightofwide-chordblatingwillprobablybe
offsetby therelativelylowcompressorpressureratio(6.25)required
fortheengine,by thehigherinflowperunitoffrontalareamadepossi-
blewithtransoniccompressordesign,andbythepossiblereductionsin
engineconibustion-chamberlengthrequiredtoburnhydrogen.Theuseof
fourlargeenginesinsteadofadditionalsmallerenginesisbasedonthe
desiretomaintainhighestpossibleReynoldsnunibersatthecompressor
inletblading.

Theeffectoftargetaltitudeon flightradiusforthesubsonic
bomberis showninfi~e 14. Valuesareshownforthebomberwithand
withoutdroptanks.Thecurvesgivenareenvelopecurvesofa series
ofaircraft,eachdesignedfora differenttargetaltitude.At a target
altitudeof 80,000feet,thebomberwithoutdroptankshasa flightradius
ofabout540Clnauticalmiles.Withdroptankscontaininga totalof9,200
poundsofliquidhydrogen,flightradiusisincreasedto about6~0 nau-
ticalmiles.Thegrosstake-offweightofthebomberwithdroptanksis
about143,000pounds.

If“somewhatlargerbombandfixed-equipmentweighthadbeenassumed
forthebombermission,thesamerangesndaltitudeperformancecouldbe
achievedbutwitha largerandheavierairplane.
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Itwasofinterestto determinehowmch farthera largerandheavier
airplanecouldcarrythe15,000poundsoffixedandbofiloadassumedfor
thestudy.Resultsofthisanalysisareshownin figure15. Theflight
radiusisincreasedonlyabout550nauticalmilesby increasingtheair-
planegrossweightfrom139,00Qto 200,000pounds.Thisdifference
correspondsto onlya 10.3percentincreaseinradiusfora 54percent
increaseinairplanegrossweight.

AbomberfueledwithJT-4andofthesamegrossweight(130,000lb)
asthehydrogen-fueledbomberwouldhavea flightratiusonlyabout38
to40percentofthatobtainedwithliquidhydrogen(fig.16). Ifthe
bomberfueledwithZP-4wereincreasedingrossweightto 300,000pounds,
itsflightradiuswouldapproachabout60percentofthatshownforthe
130,000-pound,hydrogen-fueledbomber.

SubsonicReconnaissanceAirplane

Thessmeflightplan(fig.El)waschosenforthesubsonicrecon-
naissanceairplaneaswasusedforthesubsonicbomber.Otherassumptions
regardingaerodynamiccharacteristics,engine,andstructuralweightswere
heldthesameinbothbomberandreconnaissanceairplanes.Thedesignof
thereconnaissanceairplanediffersfromthatofthebomberonlybecause
the10,~0-poundbombloadiseliminated.Thefixed-equipmentweightof
5000poundswasheldthesame.Thecharacteristicsoftheairplanefor
a targetaltitudeof80,000feetareshownintableII.

omissionofthebombloadenabledreductionoftheaircraftweight
to 75,000pounds,achievinga flightratiusofover5800nauticalmiles
ata targetaltitudeof 80,000feet(fig.17).

t
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Ifafrplanegrossweightattake-offwereincreasedto about88,000
poundsby theadditionofdroptanks,theflightradiuswitha target
altitudeof80,000feetincreasesto over7000nautical.miles.

Flightradiusforthisairplsnemayalsobe increasedbyincreasing
normalgrossweight.Ifairplaneweightisincreasedfrom75,000to
130,000pounds,flightradiusincreases(from5800)to 6400nauticalmiles
(fig.18). If itisdesiredthatthefixed-equipmentweightbe 15,000
poundsinsteadof5000pounds,airplaneperformanceandgrossweightwill
be aboutthesameasthatofthesubsonicbomber.

SupersonicBomber

Theproblemestablishedforthesupersonicbomberwasthatof deter-
mininggrossweightandgeneralconfigurationofa liquid-hydrogen-fueled
airplanethatwouldcarrya bonibloadof10,000poundsanda fixedequip-
mentloadof5000ptindsatsupersonicspeedsfora distanceof1500

.—
.
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nauticalmiles.Theflightpathofthesupersonicboniberis shownin
figure19. Theairplaneclimbsat subsonicspeedto a%out40,000feet
altitude.It acceleratesthereto thedesignflightMachtier of 2.0,
and.thencompletestheclimb,atthedesignspeed,totheinitialcruise
altitudeof70,000feet.Theairplaneclimbssteadilyduringcruiseout,
ata constantMachnuuiberof 2.0,untilitreachesthetargetatanalti-
tudeof75,000feet.Afterdroppingthebotiload,thereturnisalso
madeatMach2.0withsteadyclimbtonear80,000feetbeforereaching
thebase.

Thegeneralairplaneconfi~ationtofulfillthismissionisshown
infigure20. Someofthegeneralassumptionsandresultsof calcula-
tionsarepresentedintableII. Allofthefueliscontainedintauks
inthefuselage.Theairplanehasa straightwingwithaspectratioof
3 andtaperratioof 2. In orderto gainhighaerodynamicefficiency,
wingthicknessratiois 3 percent,whichresultsinrelativelyhighwing
weight.Similarly,fuselagefinenessratiois 14,whichresultsin low
fuselagedragbutrelativelyhighfuselageweight.Thesavinginengine
thrustrequirementand,hence,in engineweightthatresultsfromin-
creasingaerodynamicefficiencymorethancompensatesfortheincrease
inwingandfuselageweight.

Thisairplaneispoweredbysixturbojetenginesof typeB,which
isillustratedinfigure21. Theassumede~ine characteristicsand
performancearepresentedintableIV. The.excellentcombustioncharac-
teristicsofliquidhydrogenandhighair-flowcapacityofthetransonic
compressorweree~loitedinthisengineto obtaina lowover-allengine-
nacellefrontalarea. Theengineisnotequippedwithan afterburner.
Becauseoftheexcellentrefrigerationcapacityofliquidhydrogen,a
cooledturbinewithan inlet-gastemperatureof 2500°R wasassuned.
Detailsofa possibleturbinecoolingsystemarediscussedina later
section.

Theschematicarrangement’ofthecomponentsastheywouldfitwith-
inthenacelleis showninfigure21. Thecompressor,whichhasa sea-
levelstaticpressureratioof 6.2,hasa pressureratioof4.1andan
equivalentairflowof 35poundspersecondpersquarefootatthedesign
flightMachnumberof 2.0. Combustor-inlet.velocityisabout200feet. persecondat designflightconditions.Fortheseconditions,a two-
stageturbineisnecesssryinorderto obtaina turbinethatwillfit
withinthenacellediameter,whichhasbeendeterminedby theotheren-
ginecomponents.Sea-levelspecificweightoftheenginewasassumed
tobe 0.16. Thisrelativelylowspecificweightcouldbeassumedbecause
ofthehighturbine-inlettemperature(2500°R). Alsocontributingto
thelowweightaretherelativelyhighspecificairflowanduseof a
transoniccompressorandshortcotiustors.Inasmuchastake-offand
climbpresentno pro%lemforthisairplane,theenginecanbe designed
principallyforthedesignflightconditionwithlittleregardforoff-
designoperationattake-off.
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Thissupersonicbomber,witha grossweightof130,000pounds,has
a 1545nauticalmileflightradiusata targetaltitudeof75,000feet;
whenpoweredwithsixturbojetengines,eachwitha compressortipdiam-
eterof about42 inches.Theeffectoftargetaltitudeonradiusisshown
infigure22. Iftheairplaneweredesignedfora targetaltitudeof
80,000feet,largerormoreenginesare,of course,requiredandthe
flightradiuswouldbedecreasedto 1280miles.

Calculationswerealsomadeto determinetheradiusthatcouldbe
obtainedusingJP-4fuel.Thesamebasicequationsandassumptionswere
usedto computeairplanestructuralweight‘andaer-odynauiicefficiencyas
wereusedforcomputingtheperformancewithliquidhytiogenasthefiel.
Theresultsofthesecalculations(fig.22)alsoshowtheeffectoftarget
altitudeonflightradius.At alltargetaltitudestheradiuswithJP-4
islessthan55percentofthatwithliquidhydrogen.

Theeffectonflightradiusof changinggrossweightofthehytiogen-
fueledairplaneis showninfigure23fora targetaltitudeof75,000
feet. Increasinggrossweight54percent(from130,000to 200,000lb)
increasesflightradiusonly6 percent(from1545to 1630miles).

SupersonicReconnaissanceAirplane

Theproblemestablishedforthesupersonicreconnaissanceairplane
wasto determinethegeneralconfigurationandflightradiusofa liquid-
hydrogen-fueledairplanewitha grossweifitof75,000poundsthathas
a targetaltitudeof80,000feetanda flightMachnumberof 2.5. These
flightconditionsaremorestringentthanthe75,000feettargetaltitude
and2.0flightMachnumberofthesupersonicbomber.Theairplaneclimbs
at subsonicspeedtonear40,000feetaltitude,acceleratesto the —. .
designflightMachnumberof 2.5,andthencompletestheclimbatthe
designspeedtotheinitialcruisealtitudeofabout70,000feet.The
airplaneclimbssteadilyduringcruiseoutata constantMachnumberof
2.5,untilitreachesthetargetatan altitudeof80,000feet.The- ‘- ‘-
returnismadeat a nearlyconstantaltitudeof 80,003feet.

Theairplaneconfigurationissimilartothatofthesupersonic
bomber.Theairplaneispoweredbyafterburrdngenginesdesignedfora
flightMachnumberof 2.5(engineC inta%leIV). Thegeneralarrange-
mentofthisengineisillustratedinfigure24. LikeengineB, this
enginehasa cooledturbinewitha turbine-inlettemperatureof 25000R.
Alsoillustratedinfigure24isa turbine-coolingarrangement.Alrthat
isbledfromthecompressorexitis coole~byliquidhydrogenintheheat
exchanger.Thecooledairenterstheturbinediskthroughtheturbin-e r

innerconeandstruts.Aftercoolingthehollowblades,theairis &LS-
.-

chargedfromthebladetipsintothegasstream.Thestatorbladesare
cooleddirectlyby hydrogenas itflowstotheprimaryconibustorafter .
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leavingtheheatexchanger.Thecedingsystemshownis oneofmanythat
maybe devisedwithhydrogenasthecoolant.

EngineC is shownwitha one-stageturbine.8mallernacellediameter
couldbeobtainedifa two-stageturbinewereused,exceptthatthe
afterburner-inletvelocitywouldbe prohibitive.Becausethefrontalarea
ofa two-stageturbinecouldnotbe utilized,a one-stageturbinewas
usedinordertoreducethecooling-airflowrequired.Forthenacelle
frontalareaas setby thediameteroftheone-stageturbine,the
afterburner-inletvelocityisapproximately525feetpersecond.Each
ofthecomponentsof engineC utilizethenacellefrontalsreato obtain
minimumlengthandshouldthereforeresultinbotha shortandlight-
weightengine.Thesea-levelstaticenginepressureratioof engineC is
4.3. AtthedesignflightMachnuniberof 2.5,thepressureratiois 2.5.
Thespecificweightofthisengineattake-offwasassumedtobe 0.18
unaugmentedbutincludingthesfterlmrnerweight.

Fora grossweightof75,000poundsandtsrgetaltitudeof 80,000
feet,a radiusof1345mileswascalculated(tableII). Fourengines
(typeC) eachhavinga compressortipdiameterof 33inchesarerequired.
Theeffectoftargetaltitudeonfld&htradiusis showninfigure25.
Increasingtargetaltitudefrom80)000to 90,000feetdecreasesthe
radiusfrom1345to 1050miles.

Theflightradiusoftheairplanewhenpoweredby thenonafterburning
enginesB andflyingat a Machnumberof 2.0isalsoshown.Attargetal-
titudesbelow85,000feet,theairplanewascalculatedto havea longer
flightratiuswhenpoweredwithengineB ata flightMachnumberof 2.0
thanwhenpoweredwiththeafterlmrningengineC ata flightMachmxdier
of 2.5. At a targetaltitudeof 80,000feetandMachnumberof 2.0,the
radiusismorethan1500nauticalmileswithengineB. At 90,000feet,
however,theradiusisdecreasedto700miles.

Theeffectof airplanegrossweightontheflightradiusofthe
supersonicreconnaissanceairplanewithengineC is showninfigure26
fora flightMachnumberof 2.5. Theweightoffixedequipmentinthis
airplaneisonly6.7percentofthe75,000-~oundgrossweight,sothat
increasinggrossweightto 200,000poundsincreasestheradiusfrom1350
to only1500miles.In fact,thecalculationsindicatethatincreasein
grossweightaboveabout180,000poundswilldecreaseflightradius,be-
causeofreductionin structuralefficiencyoftheairplane.

SupersonicFighter

Theproblemestablishedforthesupersonicfighterwasto determine
theweightandconfigurationof a hydrogen-fueledairplanethatwould
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cruise500milesatMach2.5,
Itwasassumedthatthefixed

combatfor5 ‘iELnutes,andreturntobase.
equipmentforcrew,armament,navigation,

andelectronicsweighed3000pounds.Theflightplanforthemission-
is describedinfigure27fortheairplanepoweredwithturbojetengines.
Theairplaneclitisatsubsonicspeedsto 40,000feetaltitude,whereit
acceleratestoMach2.5. AtMach2.5itthenclitisto 70,000feetal-
titudeandcontinuesatthisaltitudetotheconibatzonewhereit clim%s
to 80,000feetandengagesin conibat.Aftercombatitreturnstobase
atMach2.5andatthealtitudeselectedformaximumradius. mml*

Severalpropulsionsystemsforthefighteraircraftwereanalyzed m

to determinewhetheronetypeshowedoutstandingadvantagesoveranother.
Thefollowingpropulsion-systemconfigurationswerestudied:

[
a)TwotuPbojetengines
b) Tworam-jetengineswithauxiliaryturbojet
(c)Tworam-jetengineswithrocketassist

—

(d)Twoair-turbo-rocketengines

Sincenacelleinstallationswereusedforalltheenginesystems,
theschematicdrawing(fig.28)ofthefighterwithturbojetenginein- J
stalledisgenerallyrepresentativeoftheairplaneconfigurationfor
allengineinstallationsstudied.Thegeneralassumptionsofthestudy
andtheresultsoftheanalysisfora cruiseradiusof500milesare L
shownfortheaircraftandenginesintablesIII,IV,andV.

Inthe study, greatestemphasiswasgivento thefighterequipped
—

withturbojetengines.Theengineused,exceptforsize,wasthesame
turbojetengine(engineC,fig.24andtableIV)thatwasdiscussedin
thesectionontheMach2.5reconnaissanceairplane.Thewingplanform
andthicknesswerealsoaboutthesameaswereusedonthesupersonic
boniberandreconnaissanceairplanes.

Performanceofthefighterexpressedintermsofgrossweightas
a functionofcombatradiusisshowninfigure29. At a designcombat
radiusof500nauticalmiles,thegrossweightis 22,350 poundsforthe
fighterfueledwithliquidhydrogen.At thisssmegrossweight,the
aircraftfueledwithJP-4h~sa radiusof 2%”tiuticalmiles.There-
sultsshowthata radiusof500nauticalmilesanda combatceilingof
80,000feetcannotbe attainedwitha JT-4-fueledfighteratMach2.5
withintheassumptionsofthisstudy.A radiusof700nauticalmilescan
be achievedwitha hydrogen-fueledfighterweighingslightlymorethan
40,000pounds.

Inarrivingattheweightsjustpresentedforboththehydrogen-
andJP-4-fueUxlaircraft,theenginesweresizedtoprovidelevelflight
at80,000feetaltitudewithtake-offgrossweight.Ifthefuelburned
in climbandcruiseoutto combatistakeninto account,theenginethrust

--

.-.
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isadequatetoprovidea cotiatmaneuverofonly1.1g withoutlossof
airspeedoraltitudeinthemaneuver.If itisrequiredthatbothspeed
andaltitudebe maintainedinmaneuversexceeding1.1g,additionalen-
ginethrustisreqyiredfortheairplane.Sincewingloadingoftheair-
planeat combatis59poundsP* squarefoot,andtheconibatliftcoef-
ficientis only0.25,thetigs me capsbleof sustaininghighcombat-
maneuverloadings.Theeffecton aircraftgrossweightduetothe
additionalengineweightrequiredtoholdspeedandaltitudewithdif-
ferentmaneuverloadsisshowninfigure30. Thecurvesindicatelittle
hopeofa fighterofanyweightaccomplishingmre thana 1.5g maneuver
at80,000feetwithoutlosingspeed.Exchangeof speedforaltitude,as
inthe“zoom”technique,eliminatestheneedfortheexcessengineweight
andmaybe a practicalcombatpractice.

Forthefighterwitha conibataltitudeof 80,000feetandmaneuver-
abilityof1.1g,theinstalledturbojetengineweightismorethan25
percentoftheairplanegrossweight.Otherpropulsion-systemconfigu-
rations((b),(c),and(d))werethereforesubstitutedto determineif
thesellghterengineswouldreducethegrossweightofthefighterair-
plane.Thegeneralassuqhionsoftheenginesusedinthesepropulsion-
systemconfi~ationsaregivenintablesIVandV. Configuration(b),
designedfora flightMachnuniberof 2.5,isa cotiinationofturbojet
engineC andtheram-~etengtiedesignedfora Machnumberof 2.5. The
turbojetcomponentisonlylargeenoughtoprovideadequatetake-off,
climb,andaccelerationperformance,butitoperatesat fullpower
throughouttheflight.A schematicdiagramoftheram-setengineis
giveninfigure31. Intheram-jetengineas intheturbojet,useof
hydrogenfuelreducesrequirementsin combustorsize.Theram-jetengine
weightwasassumedtobe 150poiradspersquarefootof conibustorarea.

In configuration(c),theturbojetcomponentof configuration(b)
isreplacedwitha rocketenginetoprovidethrustduringclimband
acceleration.Becausetheram-jetengineismoreefficientatthehigher
flightspeeds,thedesignMaehnumberwasincreasedto 3.0. Therocket
propellantassumedisliquidhydrogenandoxygen,witha specificimpulse
of 360pound-secondsperpoundoffuel.

Theair-turbo-rocketengineconfiguration(d)is showndiagrsmatic-
allyinfigure32. Operationoftheair-turbo-rocketenginecanbe de-
scribedsimplyasfollows.A turbinedrivenby exhaustgasesfrom
hydrogen-o~genrocketsdrivesa one-stagecompressor.Turbfne-inlet
temperatureisheldto valuesnear2000°R,by usingfuel-richmixtures
intherocketchamber.Theexcessoffuelintheturbineexhaustismixed
withthecompressorairandburnedinan afterburner.Theexhaustgases
aredischargedtoprovidethrust.Additionalhydrogenmaybe addedand
burnedintheafterburnertoprovideadditionalthrust.Whenmaximum
thrustisnotrequired,propellantflowtotherocketandcompressorpres-
sureratioarereduced.Formaximumengineefficiencyat highflight
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speeds,compressorpressureratioisreducedto approximately1 andthe
engineisoperatedlikea ramjet. Theair-turbo-rocketenginetherefore
providesessentiallyram-jetengineperformanceforcruisein combination .
witha highthrustcapabilityforairplanetake-off,climb,andaccelera-
tion.Theweightoftheair-turbo-rocketwasassumedtobe 294pounds —

persquarefootof compressor-tiparea.

Theperformanceofairplaneswiththevariouspropulsion-system
configurationsaregivenintable111andtheairplanegrossweightsare
indicatedonfigure29fora radiusof500miles.Alltheairplaneshave m-”-”
aboutthesamegrossweightfora 500-mileradiusanda cotiataltitude F
of 80,000feet.‘Noneofthepropulsion-systemconfigurationsshowslarge

m

advantagesovertheothers.

Substitutionoftheram-jetengineforpartoftheturbojetengine
(engineC) ata <lightMachnumberof 2.5reducesthefightergross
weightto about20,500pounds.Inthisconibination,theram-jetconibus-
torareaisabouttwotothreetimestheturbojetcompressorarea. If
theairplaneis equippedwithevensmallerturbojetenginesandcompensat-
h.glylargerram-~etengines,thelowertake-offthrustgivespoorclimb ..‘.
andaccelerationperformanceoftheairplaneandresultsinincreased_
grossweight.

Take-offgrossweightoftherocket-boostedram-jetconfigurationis
&

about30,500pounds.A largepartofthisweight,however,isrocket
propellantandatburn-outoftherocket(Machnumber,over2.0)airplane
weightisabout21,500pounds.Thrustoftherocketengineduringboost
isabout25,600pounds.Theweightofthiscombinationcouldbe reduced
by carryingtherocketpropellantfor%oostin$inetiernaldroptanks.
Inthepresentconfiguration,boththerocketengineandpropellanttanks

—

arecsrriedthroughouttheflight,andincreaseboththeweightand
fuselagevolume.

Grossweightwiththeair-turbo-rocketengineis about24,000younds.
mthoughthisconfigurationiSabout2500poundsheaviert~n therocket-__ .
boostedram-jetconfigurationatrocketburn-out,itisabout6500pounds
lighterthanthisconfigurationattake-off.Theheavierweightofthe
air-turbo-rocketengineismorethancompensatedforby thelowerfuel
consumptiondiningclitiandacceleration. —

CONCLUDINGREMARKS
t

Thisanalysisshowsthatwithinthestateofthesrtandtheprogress
anticipated,aircraftdesignedforliqyid-hydrogenfuelmayperform
severalimportantmilitarymissionsthatcomparableaircraftusinghydro-
carbon(JP-4)fuel.c’annotaccomplish.

._
Theseinclude(1)subsonicbomber

andreconnaissanceflightsof over5500nauticalmileradiuswithout
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refuelingwithanaltitudeoverthetargetof 80,000feet;(2)supersonic
bomber(Mach2.0)andreconnaissanceflights(Mach2.5)ofabout?.500
nauticalmileradiuswithaltitudesoverthetargetof75,000feetfor
thebomberandSO,(XIOfeetforthereconnaissanceaircraft;(3)super-
sonicfighteraircraftwitha cmibatradius(Mach2.5)of700nautical
milesanda combataltitudeof 80,000feet.

Formissionsof shorterradius,wherethedesireddistanceandal-
titudecanbeobtainedwitheitherliquidhyifrogenorJT-4fuel,the
take-offgrossweightsoftheaircraftfueledwithhydrogensreone-half
or lessthanthoseoftheJP-4-fueledaircraft.Forhigh-altitudeair-
craftandmissilemissionsotherthanthoseinvestigatedinthisanalysis,
itmaybe expectedthatsimilsrgainsinradiusandreductionsingross
weightwillbe demonstratedwhenliquidhydrogenisusedasfuel.

Theperformancecalculatedforthevariousmissionswill,of course,
notbe realizedunlesstheassumptionsregardingengineweight,aero@mmic
efficiency,tankweight,structuralweight,etc.canbe realizedinthe
aircrtitanditscomponents.Substantialap@iedresearchanddevelopment
effortwillbe requiredinmanytechnicalfieldsto achievethegoals
outlined.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,April1, 1955.
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TA8LEI. - PHYSICALPROPERTIESOFHYDROGEN

Heatingvalue,Btu/lb. . . . . . . . . . . . . . . . . . ..O 51,571
Density,liquidat1 atm,37‘R, lb/tuft....... . . . . . 4.42
Density,vaporat 1 atm,492°R, lb/cuft . . . . . . . . . . . 0.0056
Boilingpointatlatm, %.. . . . . . . . . . . . . . . . . ..37
Meltingpoint,%...... . . . . . . . . . . . . . . . . 25.2
Criticaltemperature,%.. . . . . . . . . . . . . . . . ~~. 59.6
Criticalpressure,lb/sqin.abs.. . . . .:.... . . . . . . .-. . .188

aim . . . . . . . . . . . . . . . . . . . . . u.8
Criticaldensity,lb/tuft.. . . . . . . . . . . . . . . . . .
Latentheat,melting,B@/lb . . . . . . . . . . . . . . . . . . ~~~
Latentheat,vaporizationat 1 atm,Btu/lb . . . . . . . . . . . . 194
Conversionfromorthotoparastructure,Btu/lb. . . . . . . . . . 22o
Viscosity,liquid,centipoises. . . . . . . . . . . . . . . . . 0.014

.

0.695

0
Viscosity,vapor,centipoisesat T ‘K . . . . . . 0.008&

273.1
Specificheat,vaporat519°R, Btu/(lb](%) . . . . . . . . . . .3.4
Ratioof specificheats,vaporat519°R . . . . . . . . . . . . 1.41
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TABLEII.- CHARACTERISTICSANDPERFORMANCEOFBOMBERANDRECONNAISSANCEAIRPLANES

Airplane

Subsonic Subsonlc Super-
bember reconnaissancesonic

bomber
WithoutWith Wlth&t With
drop drop drop drop
tanks tanks tanks tanks

Super-
sonic
recon-
naissance

ber U.-la U.”fal u
InitLalcruisealtitude,ft 69,9W 68,00(‘
Targetaltltude,ft 80,000
Grossweiuht,lb 130,0r-’-
Payloadweight,lb 10,0(
FLxedweight,lb 5,0(
Totalstructuralweight,lb 48,2
TotalInstalledengineweight,lb 23,450 23,4
Fueltankweight,lb 5,650 7,0aL
Fuel weight,lb 37,700 46,900 25,55034,750 34,7W 23,650

Engines: A A A A B c
Number 4 4 4 4 6 4
Compressordiameter,eachengine, 45.7 45.7 34.4 .34.4 41.8 33.2
in.

Ratedsea-levelthrust,each 25,400 25,400 14,40014,400 27,400 16,300
engine, lb

cruisespecificfuelconsumptionI 0.:

CruiseMachnumt I . --I . --I 3.75 0.75 2.0 2.5
0 69,60066,300 71,500 67,500

79,300 80,00079,000 75,000 80,000
’00142,76075,Om 87,760130,000 75,000
00 10,000 0 0 10,000 0
,00 5,000 5,000 5,000 5,000 5,000
00 50,360 26,65028,830 46,100 29,200

so 13,95013,950 29,000 13,600
.“3 3,850 5,230 5,200 3,550-—-—-

381 0.381 0.382 0.382 0.571 0.703
basedonnetthrustminus
nacelledrag,(lb/hr)/lb

- --> -= . “ I -,--- .-,--
—. —,

wlnK: I
Awl-n .“ P+ x-sonl R.sno 3,750 3,750 2,600 1,150
Sweepangle,deg 31 31 31 31 0 0
Aspectratio 13 13. 13 13 3 3
Averagesectionthicknessratio 0.12 0.12 0.12 0.12 0.03 0.03
Taperratio 2 2 2 2 2 2

Empennage”
5 937 937 760 345

Fuselage:
Length,ft 160 160 147 147 194 172
Diameter,ft 12.5 12.5 11.5 11.5 13.8 12.3

Liftcoefficient,initial cruise 0.53 0.53 0.54 0.54 0.20 0.14
Llf’t-dr~ratio.ainlaneless 28.6 27.9 27.8 25.4 5.53 4.33

. . 1 1 ) , 1 ,

Area, sq ft 1,625I 1,625‘ _—— -—— —-- .—
. .

engine-nacelles,Ifiitlalcruise I I
Radius.nauticaltiles 5,400I 6,2643I 5,86017,290I 1,545I 1,345

v
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!hlMXIII.- CHARAOIERISTICSANDPERFWMMCE OFFIGEWERAIRHANES
(

I Engine

Tlxcbo-Rem-jet Ram-jet
,JetC plus plus

turbo- rocket
jetC

Cruise:
Machnumber 2.5 2.5 3.0
Mtial altitude,ft 70>600 71,000 74,200

Ccmlbat:
Machnumber 2.5 2.5 3.0
Altitude,ft ‘90,00080,00080,000—
Time,min 5 5 5
hfaneuverablllty~g’s 1.1 1.1 1.3

Grossweight,lb 22,350 20>400 30,700
Fixedweight,lb 3>000 3,000 3,000
Total structuralweight,lb 9J240 7,100 10,300
Totalinstalledenginewel.ght,lb 5,730 3,820 2>550
Fuel.tankweight,lb 570 840 aq940
Fuelweight, lb 3,810 5,640 %2,910

Engines:
Turbojetendair-turbo-rocket
Number 2 1
Compressordiameter,each 30.5 27.8
engine,in.

Ratedsea-levelthrust,each 13,650 U)350
_ engine,lb
Ram-jet
Number 2 2
Combustordiameter,each 29.7 34.2
engine,in.

Rocket
Ratedsea-levelthrust,lb 25,600

Cruise-specificfuelconsumption0.694 0.770 0.863
basedon netthrustminus
nacelledreg,(lb/hr)/lb

wing:
Area,sqft 344 272 253
8weepugle, deg o 0 0
Aspectratio 3 3 3
Averagesectionthicknessratio 0.035 0●035 0.035
Taperratio 2 2 2

Einpennage:
Area,sqft 103 82 76

Fuselage:
Length>ft 88 89 98
Diameter,f% 7.3 7.4 8,2

Cruiseliftcoefficient 0.16 0.19 0.17
Cruiselift-dragratio,airplame 3.7 3.4 3.1
lessenginenacelles I

Ccmbatradius,nauticalmiles 500] 500 500

abcludes oxident tank

bIncludesoxidant.

Air-
ttrcbo-
rocket

I

=12.8
77,600

780,0005

31.2
23,940
3,000

10 900
3 060

910
6 070

i

72
30.9

18,490

t

I

10.849

=1282
0
3

0.035
2

-
85

=

98
8.2
0.22
3.3

500 I

.

w

.
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TABLEIV.- CHARACTERISTICSAND OF

3
N
ul

*

‘TUREOr.TETENGINES

Engine

DesianflizhtMachnumber
Ratedturbine-inlettemperature,%
Inlettotal-pressureratioat design
Machnumber

Compressor:
Ratedpressureratioat sea-level
staticconditions

Ratedpressureratioat designMach—
number

Ratedequivalentairflowat design
Machnumber,(lb/see)/sqft

Frimsrycmbustor:
Referencevelocity,ft~sec
Pressureat 80.000ft altitude,atm. .

Turbine:
Numberof staszes

Afterburner:
Inletvelociti.ftlsec

“.

Pressureat 80,000’ftaltitude,ah
Exittemperature,“R

Ratedperformanceat desigulkchnumber
basedonnetthrustminusnacelledrag:
Specificairconsumption,(lb/hr)/lb
Specificfuelconsumption(JT-4fuel),
(lb/hr)/lb

Sea-levelratedspecificweight,lb~lb

aUnaugmentedbutincludingafterburnerwei

I

++

AB c

0.75 2.0 2.5
2000 2500 2500
0.95 0.91 0.82

I I
6.2] 6.2I 4.3

8.0 4.1 2.5

W7-1
-i--t-i

1 I

2[ 21 1/
1. 1

NoneINone

-

525
0.53
3500

, ,
0.20 0.16 aO.18

*t,
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TNEE V. - CHARACTERISTICSANDPERFORMANCEOFROC!KZT,

RAM-JET,ANDAIR-TURBO-ROC3G3TENGINES ‘

DesignflightMachnumber
Islettotal-pressureratioat
desianMachnumber

Combustor:
Inleth&chnumber
Pressucreat 80,000ft altitude~
atm

Exittemperature,%
Performanceat designMachnum-
berbasedonnet-thrustbus
nacelledrag:
Specificairconsumption,
(lb/&)/lb

Spicikic-”fielconsumption
(JP-4fuel),(lb/br)/lb

Sea-levelspecificimpulse
(hydrogen-oxygen),lb-sec~lb

Specificweight:
Lbmotorlb thrustat sea
level

Lb enginesqft ccnnbustor
sxea

Lb engine/sqft compressor
area

Engine I
Rocket RamJet Air-

turbo-
roclcet

-----139001395013500I

=t=H-=i
=H=H
0.025

150 150

294

.

—

v

.
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